Background {#Sec1}
==========

Fatty acids play an important role in a variety of cellular processes. *De novo* lipogenesis (DNL) is an endogenous pathway whereby carbohydrates are converted to fatty acids \[[@CR1]\]. DNL occurs at low rates in most non-dividing cells of normal tissues that primarily uptake lipids from circulation. In contrast, enhanced DNL is one of the most common properties of cancer cells. Many studies have demonstrated that cancer cells prefer DNL-derived fatty acids instead of extracellular lipid supply \[[@CR2]\]. In these rapidly proliferating cells, citrate generated by the tricarboxylic acid cycle is preferentially exported from the mitochondria to the cytosol and then cleaved by ATP citrate lyase (ACLY) to produce cytosolic acetyl coenzyme A, which is the building block for DNL \[[@CR3]\]. Therefore, ACLY couples energy metabolism with fatty acid synthesis and plays a critical role in supporting cell growth. Distinctive elevation of ACLY expression and activity has been reported in lung, ovarian, prostate, bladder, breast, liver, stomach, and colon cancers \[[@CR4]-[@CR10]\], and its inhibition by siRNAs or the selective inhibitor SB-204990 suppresses the growth and survival of tumor cells *in vitro* and *in vivo* \[[@CR11]\]. Furthermore, Migita et al. have reported that the overexpression of ACLY is well-correlated with stage, differentiation grade, and a poorer prognosis in non-small cell lung cancer \[[@CR4]\]. All these data strongly support the idea that the *ACLY* is involved in the development and progression of human cancers.

Colorectal cancer (CRC) is a common malignancy as well as a leading cause of cancer mortality in both America and China \[[@CR12],[@CR13]\]. According to National Central Cancer Registry Database of China, CRC incidence has increased annually, and the uptrend in rural areas is more obvious than it in urban areas in China \[[@CR14]\]. Fortunately, evidences have shown that the mortality rate of CRC has decreased in Asian countries, possibly due to the early screening and detection as well as the use of more advanced surgical and systemic modalities \[[@CR15]\]. However, a considerable proportion of CRC patients develop recurrence or metastasis within 5 years after surgical treatment, highlighting the importance of the establishment of novel biomarkers to identify those patients who are most likely to develop recurrence or metastasis and thus should receive more aggressive therapies.

Single nucleotide polymorphism (SNP) is the most common genetic variation, and numerous previous studies have shown that SNPs may be used as surrogates of patients' genetic background to predict therapeutic response and prognosis \[[@CR16]-[@CR18]\]. Our previous studies also found that some SNPs are significantly associated with overall survival in different kinds of cancer patients \[[@CR19]-[@CR21]\]. However, whether functional variations in *ACLY* gene have any influence on CRC clinical outcomes remains unclear. In this study, we assessed the effects of functional SNPs in *ACLY* gene on recurrence and survival in a cohort of 697 resected Chinese CRC patients.

Methods {#Sec2}
=======

Study population {#Sec3}
----------------

Between May 2006 and June 2012, CRC patients were enrolled at Xijing and Tangdu Hospitals affiliated to The Fourth Military Medical University in Xi'an, China. The enrolled patients have to match the following criteria: 1) histologically confirmed with primary colorectal adenocarcinoma and no history of other cancers; 2) received curative surgical resection treatment but without any preoperative anticancer treatment; and 3) with complete clinical and follow-up data as well as common epidemiological data. All patients enrolled in this study underwent standardized oncologic resection at our department. None of them received emergency operations. The affected colonic segment was resected with an adequate safety margin in combination with complete, radical lymphadenectomy. Patients with a tumor located in the upper third of the rectum underwent rectum resection together with a partial mesorectal excision (PME); in patients with a tumor of the middle or lower third, a total mesorectal excision (TME) was performed. In this prognosis study, we excluded 16 patients who died within 1 month after surgery. Finally, 697 patients were included in the present study. Before surgical resection, 5 mL of peripheral blood sample was collected from each patient for DNA preparation. This study was approved by the Ethics Committee of the Fourth Military Medical University and the signed informed consent was obtained from each participant.

Epidemiologic and clinical data collection {#Sec4}
------------------------------------------

Demographic and personal data were collected through in-person interview using a standardized epidemiological questionnaire, including gender, sex, ethnicity, and residential region. Detailed clinical information was collected through medical chart review or consultation with treating physicians, including time of diagnosis, time of surgery and/or chemotherapies, time of recurrence and/or death, tumor stage, differentiation, location site, lymph node invasiveness, treatment protocol, and serum carcinoembryonic antigen (CEA). A standard follow-up was performed by a trained clinical specialist through on-site interview, direct calling, or medical chart review at 6-month intervals. The latest follow-up data in this analysis was obtained in January 2014.

SNP selection and genotyping {#Sec5}
----------------------------

Functional SNPs in *ACLY* gene was selected using a set of web-based SNP selection tools (http://snpinfo.niehs.nih.gov/snpfunc.htm) as described previously \[[@CR22]\]. The 5′ and 3′ flanking regions were arbitrarily set at 2,000 bp for all genes. Only validated SNPs were selected, and SNPs with minor allele frequency (MAF) \<5% in Chinese population were excluded. In the case of multiple potentially functional SNPs within the same haplotype block (defined by the linkage coefficient *r*^2^ \> 0.8), only one SNP was included. Functional SNPs included missense SNPs in exons, SNPs in miRNA-binding sites of 3′UTR, SNPs in transcription factor binding site of 5′ flanking region, as well as SNPs in splice sites.

Through the selection process, two SNPs in *ACLY* gene were selected for further genotyping, including one missense SNP (rs2304497) and one SNP in transcription factor binding site (rs9912300). Genotyping was performed using genomic DNA on Sequenom iPLEX genotyping system (Sequenom, San Diego, CA, USA). The laboratory personnel conducting genotyping were blinded to patient information. Strict quality control measures were implemented during genotyping with more than 99.0% concordance with the main genotyping results.

Statistical analysis {#Sec6}
--------------------

The clinical outcomes of CRC patients include two major endpoints, which are overall survival (OS) and recurrence-free survival (RFS). Overall survival time was defined as the time from initial surgery to death from any cause. Recurrence-free survival time was defined as the time from initial surgery to local recurrence, distant recurrent metastasis. All statistical analyses were performed using the SPSS Statistics 19.0 software (IBM, Armonk, NY, USA). The dominant genetic model was applied to assess the association of single SNPs with clinical outcome of CRC patients. Hazard ratios (HRs) and 95% confidence interval (95% CI) were estimated from a multivariate Cox proportional hazards model, adjusting for gender, age, hospital site, tumor position, TNM stage, tumor differentiation, and treatment after surgery where appropriate. The cumulative effect of unfavorable genotypes on OS or RFS was estimated in Cox model. Haplotypes were determined using the HaploView software package (version 4.2). Kaplan-Meier curve and log-rank test were used to assess the differences of overall survival. All *P* values in this study were two-sided. *P* ≤ 0.05 was considered the threshold of statistical significance.

Results {#Sec7}
=======

Distribution of patient characteristics and prognosis analysis {#Sec8}
--------------------------------------------------------------

The distribution of demographic and clinical characteristics of patients was presented in Table [1](#Tab1){ref-type="table"}. A total of 697 CRC patients were included in this study, with a median age of 60 years (ranging from 15 to 73 years). Among them, 383 patients (54.9%) were male, and 65.1% were from Tangdu Hospital. More than half (*n* = 378, 54.2%) had rectal cancer. There were 453 (65.0%) and 244 (35.0%) patients with stage I--II and stage III--IV diseases, respectively. Nearly 80% of patients (*n* = 555) had moderately and poorly differentiated tumors, and 528 patients (75.8%) received adjuvant chemotherapy with 5-fluorouracil (5-FU)-based regimen after surgery.Table 1**Distribution of patients' characteristics and prognosis analysisParameterAll patients,** ***n*** **(%)** ***n*** **= 697OSRFSDeath,** ***n*** **(%)** ***n*** **= 205HR** ^**a**^**95% CI*P*** **valueRecurrence,** ***n*** **(%)** ***n*** **= 240HR** ^**a**^**95% CI*P*** **value**Gender  Female314(45.1)87(42.4)Ref.100(41.7)Ref.  Male383(54.9)118(57.6)1.240.94--1.640.13140(58.3)1.291.00--1.670.06Age  \<60358(51.4)99(48.3)Ref.123(51.3)Ref.  ≥60339(48.6)106(51.7)1.050.80--1.390.72117(48.8)0.910.70--1.170.45Hospital site  Tangdu454(65.1)126(61.5)Ref.140(58.3)Ref.  Xijing243(34.9)79(38.5)1.010.75--1.360.93100(41.7)1.250.95--1.640.11Tumor position  Colon319(45.8)93(45.4)Ref.108(45.0)Ref.  Rectum378(54.2)112(54.6)1.080.82--1.420.60132(55.0)1.050.81--1.360.70TNM stage  I + II453(65.0)96(46.8)Ref.120(50.0)Ref.  III + IV244(35.0)109(53.2)*3.822.75--5.33\<0.001*120(50.0)*3.132.32--4.23\<0.001*Tumor differentiation  Well142(20.4)35(17.1)Ref.45(18.8)Ref.  Moderate/poor555(79.6)170(82.9)1.380.94--2.030.10195(81.3)1.260.89--1.780.19Treatment after surgery  None169(24.2)59(28.8)Ref.64(26.7)Ref.  Chemotherapy528(75.8)146(71.2)*0.360.25--0.52\<0.001*176(73.3)*0.450.32--0.63\<0.001*Significant *P* values (\<0.05) are in italics.*Abbreviations*: *CI*, confidence interval; *HR*, hazard ratio; *OS*, overall survival; *RFS*, recurrence free survival; *Ref*., reference.^a^Adjusted by gender, age, hospital site, tumor position, TNM stage, tumor differentiation, and treatment after surgery where appropriate.

During the median follow-up of 35.7 months (ranging from 3.1 to 83.4 months), 205 patients (29.4%) died and 240 patients (34.4%) developed recurrence. Furthermore, Cox regression analyses showed that TNM stage and treatment after surgery had significant influence on OS and RFS for CRC patients (*P* \< 0.001 for both). Patients with advanced stage CRC had significantly shorter OS and RFS (both *P* \< 0.001). The adjuvant chemotherapy had a significantly decreased risk of death (HR = 0.36; 95% CI = 0.25--0.52) and recurrence (HR = 0.45; 95% CI = 0.32--0.63).

Association of single SNP with clinical outcomes {#Sec9}
------------------------------------------------

We assessed the effect of two SNPs in *ACLY* gene on the death and recurrence in CRC patients using the multivariate Cox regression model (Table [2](#Tab2){ref-type="table"}). After adjusting for gender, age, hospital site, tumor position, TNM stage, tumor differentiation, and treatment after surgery, no significant association was observed between SNPs and CRC patient outcomes. To further evaluate the modifying effect of host characteristics on association of SNPs in *ACLY* gene with the prognosis, we performed a stratified analysis in patients with early stage and advanced stage tumor. We found that in patients with advanced stage tumor (stage III + IV), the heterozygous variant (WV) and homozygous variant (VV) genotypes in both rs2304497 and rs9912300 reduced the death risk of CRC in the dominant model (HR = 0.47, 95% CI = 0.24--0.90 and HR = 0.59, 95% CI = 0.37--0.92, respectively). They also exhibited significant associations with recurrence risk (HR = 0.46; 95% CI = 0.24--0.86 and HR = 0.54; CI = 0.35--0.83, respectively). Kaplan-Meier analysis showed similar results, indicating that CRC patients with advanced stage carrying heterozygous (WV) or homozygous variant (VV) genotypes in rs2304497 and rs9912300 had significantly better OS and RFS than those with corresponding homozygous wild-type (WW) genotype (Figure [1](#Fig1){ref-type="fig"}A--D).Table 2**Associations between ACLY gene genotypes and clinical outcomes of CRC patientsPatients/SNPsGenotypesOSRFSDeath/allHR** ^**a**^ **(95% CI)*P*** **valueRecurrence/allHR** ^**a**^ **(95% CI)*P*** **value**In all patients rs2304497WW173/578Ref.203/578Ref.WV + VV29/1110.87(0.59--1.29)0.4934/1110.85(0.59--1.23)0.39 rs9912300WW140/461Ref.165/461Ref.WV + VV63/2290.87(0.64--1.17)0.3573/2290.81(0.61--1.07)0.13In patients with early stage (I + II) rs2304497WW74/370Ref.94/370Ref.WV + VV19/761.32(0.79--2.19)0.2923/761.20(0.75--1.90)0.45 rs9912300WW56/292Ref.72/292Ref.WV + VV38/1551.28(0.84--1.94)0.2546/1551.15(0.79--1.67)0.47In patients with advanced stage (III + IV) rs2304497WW99/208Ref.109/208Ref.WV + VV10/35*0.47(0.24--0.90)0.02*11/35*0.46(0.24--0.86)0.02* rs9912300WW84/169Ref.93/169Ref.WV + VV25/74*0.59(0.37--0.92)0.02*27/74*0.54(0.35--0.83)0.01*Significant *P* values (\<0.05) are in italics.*Abbreviations*: *CI*, confidence interval; *HR*, hazard ratio; *OS*, overall survival; *RFS*, recurrence free survival; *Ref*., reference.^a^Adjusted by gender, age, hospital site, tumor position, TNM stage, tumor differentiation, and treatment after surgery where appropriate.Figure 1**Kaplan-Meier curves of overall and recurrence-free survival.** CRC patients with advanced stage diseases **(A--D)** and early stage diseases **(E--H)**.

Cumulative effect of unfavorable genotypes on overall survival and recurrence-free survival in patients with advanced diseases {#Sec10}
------------------------------------------------------------------------------------------------------------------------------

To further assess the cumulative effects of genetic variants on CRC overall survival in patients with advanced diseases, we did a joint analysis by including the two SNPs showing a significant association in single-SNP analysis (Table [2](#Tab2){ref-type="table"}). The unfavorable genotypes were defined as the homozygous wild-type (WW) for both rs2304497 and rs9912300. When using group 1 (with zero unfavorable genotype) as reference, CRC patients in group 3 (with two unfavorable genotype) had a 2.24-fold increase of death (95% CI = 1.15--4.36; *P* = 0.17). A significant dose--response trend was observed (*P* for trend = 0.012) (Table [3](#Tab3){ref-type="table"}). Furthermore, the risk of recurrence increased with the increasing number of unfavorable genotype (*P* for trend = 0.003). Kaplan--Meier analysis showed that there was a significantly decreased OS and RFS in patients carrying two unfavorable genotypes, compared with those carrying zero unfavorable genotype (log-rank *P* = 0.05 and *P* = 0.02, respectively, Figure [2](#Fig2){ref-type="fig"}A, B). We performed a stratified analysis to assess the effects of genetic variants on OS and RFS in patients with/without chemotherapy (Additional file [1](#MOESM1){ref-type="media"}: Table S1). No statistical significance was observed for SNP rs2304497 and rs9912300 in both subgroups. These results suggested that there might be no modifying effect of chemotherapy on the prognostic significance of both SNPs.Table 3**Cumulative effect of unfavorable genotypes on overall survival of CRC patients with advanced stageGroup (number of unfavorable genotype)** ^**a**^**Death/totalHR (95% CI)** ^**b**^***P*** **valueRecurrence/totalHR (95% CI)** ^**b**^***P*** **value**Group 1(0)10/35Ref.11/35Ref.Group 2(1)15/391.66(0.73--3.78)0.2316/391.50(0.68--3.30)0.31Group 3(2)84/169*2.24(1.15--4.36)0.02*93/169*2.33(1.24--4.38)0.01P* for trend*0.010.003*Significant *P* values (\<0.05) are in italics.*Abbreviations*: *CI*, confidence interval; *HR*, hazard ratio; *Ref.*, reference.^a^Unfavorable genotypes: rs2304497 WW and rs9912300 WW.^b^Adjusted by gender, age, hospital site, tumor position, TNM stage, tumor differentiation, and treatment after surgery where appropriate.Figure 2**Cumulative effect of unfavorable genotypes of** ***ACLY*** **gene.** Effect on overall **(A)** and recurrence-free **(B)** survival of survival in CRC patients with advanced diseases analyzed by Kaplan--Meier curves.

Haplotype and diplotype of *ACLY* gene on overall survival and recurrence-free survival in CRC patients with advanced diseases {#Sec11}
------------------------------------------------------------------------------------------------------------------------------

The haplotype and diplotype analyses were conducted to evaluate the combined effect of the two SNPs in *ACLY* gene on CRC overall survival. There were three haplotypes in order of rs2304497 and rs9912300 (TT, 82.1%; TG, 9.9%; and GG, 8.0%) and five diplotypes (TT-TT, 66.6%; TT-TG, 15.8%; TG-TG, 14.9%; TT-GG, 1.5%; TG-GG, 1.2%). Rare diplotypes (TT-GG, 1.5%; TG-GG, 1.2%) were removed from further analyses. As shown in Table [4](#Tab4){ref-type="table"}, no significant combined effect was observed.Table 4**Haplotype and diplotype of ACLY gene and CRC survivalGroupFrequency (%)DeathRecurrenceHR** ^**a**^ **(95% CI)*P*** **valueHR** ^**a**^ **(95% CI)*P*** **value**Haplotype  T-T82.10Ref.Ref.  T-G9.900.92(0.66--1.29)0.640.87(0.64--1.18)0.36  G-G8.000.86(0.59--1.26)0.440.84(0.59--1.20)0.34Diplotype  T_T-T_T66.60Ref.Ref.  T_T-T_G15.800.90(0.61--1.33)0.580.84(0.58--1.21)0.34  T_G-T_G14.900.80(0.53--1.22)0.300.76(0.52--1.12)0.16Significant *P* values (\<0.05) are in italics.*Abbreviations*: *CI*, confidence interval; *HR*, hazard ratio; *Ref.*, reference.^a^Adjusted by gender, age, hospital site, tumor position, TNM stage, tumor differentiation, and treatment after surgery where appropriate.

Discussion {#Sec12}
==========

In the present study, we evaluated the effects of two functional SNPs in *ACLY* gene on the prognosis of a cohort of 697 Chinese CRC patients. We demonstrated that in CRC patients with advanced stage tumor (stage III + IV), the two SNPs (rs2304497 and rs9912300) were significantly associated with the OS and RFS. Furthermore, we identified an accumulative death risk and recurrence risk with increasing number of unfavorable genotypes. To the best of our knowledge, this is the first study to report that genetic variants in *ACLY* gene have a significant effect on the prognosis of patients with advanced stage CRC.

In most tissues, *de novo* fatty acid synthesis occurs at low rates since lipids are acquired via the circulation to support the needs of vegetative nonproliferating cells. In contrast, DNL occurs at very high rates in tumor tissues \[[@CR23]\]. ACLY is in the first committed step of DNL pathway, contributing to the translocation of acetyl-CoA from the mitochondria to the cytosol. Recently, there has been growing interests in the impact of *ACLY* on cancer. Distinctive elevation of ACLY expression and activity has been reported in several types of cancer. Furthermore, it has been reported that *ACLY* inhibition with chemical inhibitors or siRNA can suppress tumor cell proliferation and induce apoptosis *in vitro* and *in vivo* \[[@CR11],[@CR24]\]. Although the exact role of *ACLY* in tumorigenesis is yet unclear, previous studies have provided several plausible explanations, such as decreased glucose-dependent lipid synthesis \[[@CR24]\] or fatty acid or cholesterol starvation \[[@CR25]\], impaired glycolysis \[[@CR26]\], inhibition of histone acetylation \[[@CR27]\], mitochondrial ROS generation \[[@CR28]\], and interception of PI3K/AKT signaling \[[@CR29]\]. Our data from stratified analysis also suggest that adjuvant chemotherapy might not have obvious modifying effects on the prognostic significance of both SNPs. However, due to small number of patients in each subgroup, we have to interpret our stratified data with great caution. Further confirmation is warranted using larger patient population in future studies.

Recently, quite a few studies have demonstrated that SNPs in other DNL pathway genes are associated with the risk and prognosis of several tumors \[[@CR30]-[@CR33]\]. However, no studies have focused on the association between polymorphisms of *ACLY* genes and CRC prognosis until now. Our significant finding indicated that two SNPs in *ACLY* gene had a clear effect on OS and RFS of CRC patients with advanced stage tumor. As mentioned earlier, little is known to the association of *ACLY* gene with cancer prognosis. Report only indicates that *ACLY* expression correlated well with tumor grade, stage and poorer prognosis in non-small cell lung cancer \[[@CR4]\]. Since SNPs play an important role in the variation of gene expression level and activity of proteins, it is reasonable to presume that SNPs in *ACLY* gene may affect the intracellular concentration of the metabolites through their impact on the enzyme activity. Variations of these metabolites would activate oncogenic signaling pathways at different levels in tumor cells, leading to different characteristics of tumor and distinctions in patient survival at last. Lin et al. have reported that triple arginine mutants of three lysine residues K540, K546, and K554 in ACLY protein result in an enhanced DNL and tumor growth both *in vitro* and *in vivo* \[[@CR34]\]. rs2304497 in our study is a missense SNP that results in an amino-acid change of ACLY protein, which may lead to the alterations in structure and activity of this enzyme. Another SNP (rs9912300) in our study is located in the transcription-factor-binding site (TFBS), which may affect the transcription of *ACLY* and, ultimately, the level of protein expression. Different ACLY expression levels caused by gene polymorphisms may lead to the variation of metabolic pattern and other biological characteristics of CRC cells, thus resulting in different prognosis in patients. All these hypotheses need further experimental investigation in future study.

Our study has several strengths. First, the patient cohort in this study was relatively large and recruited from a single institution. The uniform standard operation procedures in cancer identification, pathological staging, and cancer treatment strategy make our findings more comprehensive and applicable to future clinical studies. Furthermore, the cumulative effects analysis established a novel combination of SNPs to predict the outcome of CRC patients with advanced stage tumor, which could be investigated further and included in a prognostic model to help clinicians in predicting outcomes for CRC patients with advanced stage tumor.

Conclusions {#Sec13}
===========

Overall, as the first study observing the effect of *ACLY* gene polymorphisms on CRC prognosis in a Chinese population, our results strongly suggest that 2 SNPs of *ACLY* genes may be independent prognostic markers for recurrence and survival prediction in CRC patients with advanced stage tumor. These findings warrant further studies on the impact of these SNPs on the effectiveness of therapeutics against *ACLY* in CRC.

Additional file {#Sec14}
===============

Additional file 1: Table S1.Associations between *ACLY* gene genotypes and clinical outcomes of CRC patients with/without chemotherapy.
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